Elevation in apparent blood viscosity may enhance the pulmonary hypertension that leads to pulmonary hypertension syndrome (PHS) and ascites in fast-growing broilers. We investigated the importance of packed cell volume (PCV) and shear rate in modifying apparent viscosity of the blood from broilers assigned to normal, preascites, and ascites groups. Apparent viscosity of broiler blood increased at all shear rates as PCV increased; the increase in apparent viscosity became greater as the shear rate decreased at PCV above 0.30. At the PCV of normal broilers (0.30 or below), apparent viscosity was nearly shear rate independent, at least
INTRODUCTION
Pulmonary arterial hypertension in fast-growing broilers leads to contractile failure of the right ventricular myocardium, elevation in central venous pressure, increased capillary hydrostatic pressure, and movement of fluid from the blood vascular system into the interstitial spaces and often into the body celom (Odom, 1993; Wideman and Bottje, 1993) . The capillaries in the liver seem especially vulnerable to high pressure and leak transudate into the abdominal cavity, causing compression of the air sacs and other abdominal organs. This, in turn, compromises ventilation, leading to severe hypoxemia and, often, to death (Peacock et al., 1989 (Peacock et al., , 1990 Reeves et al, 1991; Julian and Mirsalimi, 1992) .
Currently, the cause of the pulmonary hypertension, which initiates this cascade of events, is unknown. We investigated the possibility that an increase in blood viscosity might be a contributing factor. Blood viscosity is a complex variable that is influenced by the number of red blood cells in the blood and by the rate of shear between the various laminae of blood as they move past one another in a flowing stream (Chien, 1975) . These latter two factors can be controlled during in vitro down to 11.25 per second, the lowest shear rate studied. Apparent viscosity, at any given PCV and shear rate, was significantly lower in the blood of birds with ascites than in normal birds; however, the relative viscosity was not different between those groups, indicating that lower plasma viscosity in the birds with PHS was responsible for the finding. The results show that the principal factor responsible for increased apparent viscosity of blood in birds with PHS is the increase in PCV. The increased resistance to flow of blood as the result of higher blood viscosity may contribute to the pulmonary hypertension.
1996 Poultry Science 75:1261-1267 measurement of blood viscosity. The objective of this study was to assess the importance of changes in packed cell volume (PVC) and shear rate on apparent viscosity (the appropriate term to use for non-Newtonian fluids whose viscosity varies with the rate of shear) of blood and its contribution to the pulmonary hypertension in fast-growing broilers.
MATERIALS AND METHODS

Animals and Animal Handling
Two experiments were conducted, one in the summer of 1994 and one in the spring of 1995. Thirteen Cobb 500 broiler males, 34 to 36 d old, were used in the first study and 27 Cobb 500 broiler males, 32 to 53 d old, were used in the second study. All birds were selected from a broiler flock containing approximately 5,000 birds that had been reared under commercial conditions. The incidence of PHS in this flock was approximately 2% when the birds were selected. The birds were brought to the University of Arkansas Poultry Research Farm and maintained in floor pens (having more than 0.23 m 2 of well-ventilated space per bird) for up to 2 wk prior to use. During this time, the birds were fed a broiler grower ration that meets or exceeds all NRC standards, had ad libitum access to feed and water, and were on a 23 h lightl h dark cycle. Further details about these birds are shown in Table 1 .
(Key words: pulmonary hypertension syndrome, viscosity, plasma, shear rate, packed cell volume) During preliminary experiments, erratic behavior of the viscometer indicated that microdots were present in the blood taken from birds of this type, even though the heparin concentration was 100 IU/mL of blood. This problem was resolved when disodium ethylenediamine tetraacetate (EDTA) was used as the anticoagulant. Approximately 10 mL of blood were taken by direct heart puncture into a 12 mL glass syringe that contained 14 mg of EDTA (0.1 mL volume). The birds were then euthanatized in a CO2 chamber and their total ventricular (TV) and right ventricular (RV) weights were obtained. Visual inspection was also made of the lungs and other viscera and the presence or absence of ascites fluid was determined. Birds were considered to be normal if they had no ascites fluid in the abdominal cavity and the RV:TV weight ratio was less than 0.3. If there was no ascites fluid in the abdominal cavity but the RV:TV weight ratio exceeded 0.3, the birds were considered to be in a preascites condition, and if the abdominal cavity contained ascites fluid and the RT:TV weight ratio exceeded 0.3, they were placed in the ascites group. These latter birds usually had a dark blue comb, were gasping for breath, and appeared very lethargic.
Treatment of the Blood
The blood sample taken from each chicken was thoroughly mixed and the PCV measured. Approximately 1.3 mL of blood was placed in each of four 1.5 mL centrifuge tubes. The remainder of the blood was centrifuged to obtain plasma. Two of the 1.5 mL tubes were centrifuged and some of the plasma was removed to produce PCV of about 0.4 and 0.5, respectively. A small amount of plasma was added to a third tube to produce a PCV of about 0.2, and no change was made to one tube. Each tube was then thoroughly mixed, sampled for PCV measurement, and kept in an ice bath until apparent viscosity was determined, usually within 45 min of taking 1 Brookfield Engineering Laboratories, Staughton, MA 02072, Model LVTDV-nCP with a CP-40 cone.
the blood from the bird.
Measurements
Packed cell volume was measured in duplicate on each blood sample by the microhematocrit method. Apparent viscosity of the blood samples was determined using a cone-plate viscometer 1 at six shear rates ranging from 450 to 11.25 per second for samples in Experiment 1, and at four shear rates ranging from 450 to 45 per second for samples in Experiment 2. With the viscometer used in this study, the range of measurement increases as the shear rate is lowered. At a shear rate of 450 per second, the viscometer can measure apparent viscosity over a range of 0 to 5.1 centipoise (cP), whereas at a shear rate of 11.25 per second, the range is 0 to 205.6 cP. If the apparent viscosity of the sample being measured is less than 10% of the full scale of the range, the accuracy of the instrument decreases. Because the apparent viscosity of broiler blood is low at the endogenous PCV, the values were usually less than 10% of full scale at the lower shear rates. We, therefore, chose to include data for Experiment 2 at shear rates of 45 per second and above where the instrument accuracy was optimal. Viscosity was also determined on plasma at a shear rate of 450 per second. Because the viscosity of plasma does not appreciable change with changes in shear rate, measurement need be made at only one shear rate. We used the highest available shear rate for this measurement to achieve the most accurate results. All measurements were made at temperature of 40 C. The calibration of the viscometer was verified with oils of known viscosity purchased from the manufacturer and with distilled water, whose viscosity at 40 C is 0.65 cP.
Data Analysis
The log apparent viscosity is linearly related to PCV at each shear rate; thus, a linear regression equation was derived from the data on the four aliquots of blood at different PCV at each shear rate. This equation was used to estimate the apparent viscosity of the blood at specified PCV Fedde and Wood, 1993 for complete details). Comparisons of apparent blood viscosity could then be made among normal, preascites, and ascites groups under conditions of equal shear rate and PCV.
Data are presented as the means ± SE unless otherwise stated. A one-way analysis of variance, with the StudentNewman-Keuls multiple comparison test when necessary, was used to test for differences in apparent viscosity among the three groups of birds at each shear rate and PCV. Bartlett's test for homogeneity of variances indicated that there were homogeneous standard deviations about the mean values of apparent and relative viscosities of each of the three groups of birds in Experiment 2 at each shear rate tested. In all cases, means were considered to be significantly different if P < 0.05.
RESULTS
Experiment 1. Apparent Blood Viscosity in Normal Broilers
As is the case with other animals, apparent viscosity of chicken blood progressively increased as the PCV increased (Figure 1 ). This was most apparent at the higher PCV and occurred at all shear rates studied. At PCV of 0.30 and below, values commonly found in the normal birds (Table 1) , apparent viscosity was independent of shear rate. At higher PCV, apparent viscosity became dependent on shear rate and was highest at low shear rates.
These features of broiler blood can also be seen when the apparent viscosity at a constant PCV is plotted as a function of shear rate (Figure 2) . The apparent viscosity did not increase at the lowest shear rates studied when PCV was 0.30 and lower. At higher PCV, apparent viscosity increased in a nonlinear fashion as the shear rate became low.
Experiment 2. Blood Viscosity in Birds with Pulmonary Hypertension Syndrome
There was an increase in the PCV (Table 1 , Experiment 2) in birds exhibiting signs of PHS. Birds with ascites had a reduced plasma viscosity (0.88 ± 0.08 cP) compared to birds in the normal and preascites groups in Experiment 2.
Small but statistically significant decreases in apparent viscosity in blood of birds from the ascites group, compared to birds in the normal and preascites groups, were detected when comparisons were made at the same values of PCV and shear rate (Figure 3 ). These differences were present at low as well as at high PCV. However, when apparent viscosity was divided by the plasma viscosity to obtain the relative viscosity, (a measure of the relative influence of the cells to that of the suspending media on blood viscosity), means of the normal, preascites, and ascites groups were not different (Figure 4) . That result implies that the lower apparent blood viscosity in birds with ascites could be accounted for by a lower plasma viscosity.
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FIGURE 2. Influence of various shear rates on apparent viscosity of blood from normal broilers. Each curve is shown for a specified packed cell volume (PCV), ranging from 0.2 to 0.7 (see legend). Mean values from 13 birds are shown for a given PCV at each shear rate. Where not shown, the standard error bars are smaller than the symbol.
As in Experiment 1, the apparent viscosity of blood from all birds in this experiment became higher at low shear rates at PCV of 0.50 and above, and was increased at all shear rates as PCV increased. At the PCV of the normal birds in Experiment 2 (about 0.30), the apparent viscosity was independent of shear rate, at least at the shear rates tested.
DISCUSSION
Newtonian Behavior of Broiler Blood
A fluid, such as water, whose viscosity does not change as the shear rate is changed, is termed a Newtonian fluid. The addition of particles, such as red blood cells, to a fluid modifies the flow characteristics so that the viscosity increases as the shear rate decreases; fluids of this type are termed non-Newtonian fluids. Apparent viscosity of blood from some animals exhibits a much greater shear rate dependence than blood from others. Apparent viscosity of broiler blood is much less dependent on shear rate than blood from rats (Fedde et al, 1996) , humans, or horses (Fedde and Wood, 1993) . At a PCV of 0.30 and below, the approximate value in normal broilers, there was essentially no increase in apparent viscosity as shear rate decreased to 11.25 per second. At higher PCV, apparent viscosity was increased as shear rate decreased (Figure 2 ). Similar findings have been previously reported for chickens and turkeys (Usami et al, 1970; Chien et al, 1971; Viscor et al, 1984; Clarke and Nicol, 1993) , but the viscosity of blood from other avian species appears to be more dependent on shear rate than is the blood from these birds (Viscor et al, 1984; Clarke and Nicol, 1993) .
The minimal influence of shear rate on viscosity in broiler blood offers a distinct advantage. If blood flow to a region in the circulatory system is reduced or stopped, the shear rate becomes very low (or even zero in case of arrested blood flow), and in most animals, the resulting increase in viscosity requires a large increase in shear stress to overcome the high viscosity and reinitiate the flow. In broilers, the apparent viscosity would not become appreciably higher if flow to a region decreased and, thus, the energy required to reinitiate flow would remain low. It has been previously demonstrated in turkeys that blood flow to certain regions of the body (lower legs) can abruptly decrease (or cease), probably due to severe vasoconstriction, when stressors that modify the activity of the sympathetic nervous system are applied to the bird (Krista et al, 1963) . In these circumstances, return of normal blood flow should not be difficult to achieve as the blood vessels relax.
Factors Influencing Blood in Broilers with Pulmonary Hypertension Syndrome
Our data indicate that increased PCV and decreased plasma viscosity modify the blood viscosity in birds with ascites. Quantitatively, the most important of these is the Shear Rate (per second) 400 500
FIGURE 3. Comparison of the apparent viscosity of blood from normal broilers (N = 9) with that from broilers in the preascites (N = 11) and ascites (N = 7) groups at specified packed cell volumes and shear rates. Where not shown, standard error bars are smaller than the symbols, a, ascites mean different from normal, P < 0.05; b, ascites mean different from preascites, P < 0.05. increase in PCV. At any shear rate studied, an increase in packed cell volume from approximately 0.30 in normal birds to approximately 0.50 in birds with ascites resulted in more than a twofold increase in apparent viscosity (Figure 3) . A similar increase in apparent viscosity of blood from broilers with ascites has been seen by Maxwell et al. (1992) using different techniques.
At PCV of 0.30 and 0.50, apparent viscosity of blood from birds with ascites was lower than that from normal birds. This reduction can be explained by a lower plasma viscosity in birds with ascites ( Figure 4 ) and appeared not to be caused by any modification in red cell characteristics. Red cell deformability has been shown to be lower in broilers than in White Leghorn chickens (Mirsalimi and Julian, 1991) and to be decreased in broilers given high levels of NaCl in their drinking water . However, we did not detect differences in relative viscosity of blood from birds with ascites compared to normal birds at high shear rates, where viscosity is most influenced by the deformability characteristics of the erythrocytes (Chien, 1975) . The lower plasma viscosity present in birds with ascites was beneficial in partially compensating for the increase in apparent viscosity due to increase in PCV. However, the compensation was minor as the relative viscosity of blood with a PCV of 0.50 was still slightly more than twofold higher than in blood with a PCV of 0.30 (Figure 4) . The lower plasma viscosity in birds with ascites most probably was due to loss of protein into the ascites fluid (Maxwell et al, 1992; Enkvetchakul et al, 1993) . In support of this notion, we removed over 360 mL of clear, yellow fluid from the abdominal cavity of a 2,452-g bird with severe ascites (62-d-old) , and the apparent viscosity of the fluid was 1.25 cP (measured at a shear rate of 450 per second). This value was substantially higher than the apparent viscosity of the plasma in this bird (0.90 cP) and suggests the ascites fluid had a high protein concentration (Julian, 1993) .
The elevated apparent viscosity of blood in birds with ascites, resulting from the increase in PCV, will result in a higher pulmonary vascular resistance (Eckert et ah, 1988) that could contribute to the increase in pulmonary hypertension. Elevation of PCV is a secondary response to tissue hypoxia (Stickney and Van Liere, 1953) , but the initial insult inducing the hypoxia is currently unknown. Recent evidence suggests that a deficiency of endothelium-derived relaxing factor in the pulmonary arteries of fast-growing broilers may contribute to a ventilation-perfusion mismatch in the lungs that could lead to hypoxia and pulmonary hypertension (Odom et al, 1995; . Thus, the increase in PCV and accompanying increase in apparent blood viscosity may exacerbate the pulmonary hypertension that ultimately leads to ascites. Shear Rate (per second) 400 500
FIGURE 4. Comparison of the relative viscosity of blood from normal broilers (N = 9) with that from broilers in the preascites (N = 11) and ascites (N 7) groups at specified packed cell volumes and shear rates. Where not shown, standard error bars are smaller than the symbols.
